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The dust reservoir in the interstellar medium of a galaxy is constantly being replenished by dust formed in the 
stellar winds of evolved stars. Due to their vicinity, nearby irregular dwarf galaxies the Magellanic Clouds provide 
an opportunity to obtain a global picture of the dust production in galaxies. The Small and Large Magellanic Clouds 
have been mapped with the Spitzer Space Telescope from 3.6 to 160 /im, and these wavelengths are especially 
suitable to study thermal dust emission. In addition, a large number of individual evolved stars have been targeted 
for 5-40 fim spectroscopy, revealing the mineralogy of these sources. Here I present an overview on the work done 
on determining the total dust production rate in the Large and Small Magellanic Clouds, as well as a first attempt 
at revealing the global composition of the freshly produced Stardust. 
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1. Introduction 

Dust is a common ingredient of the interstellar medium (ISM) of galaxies. In the imaging obtained by optical observato- 
ries, such as the Hubble Space Telescope, dust manifests itself as dark lanes or patches that are obscuring the light from the 
stars. As such, dust was often seen as a nuisance, but with the advent of infrared astronomy, it has become obvious that the 
absorbed starlight is in fact re-emitted in the form of thermal emission from dust grains, thus altering the shape of galaxy 
spectral energy distributi ons (SEDs) . The d ust-to-gas ratio in the ISM of galaxies is usually <1% by mass for galaxies with 
Solar metallicities ("e.g. lDraine et al.L l2007h. while typically about 30% of the energy emitted by such galaxies is in the form 
of thermal dust emission (e.g. lDale & Heloul 120021) . 

It is believed that dust in the interstellar medium is f ormed by generations of m ass-losing evolved stars that gradually 
increase in metallicity with chemical galactic evolution (IMorgan & Edmu nds. 2003). Dust formation can occur in stars of 
all main-sequence masses, but the total dust budget is dominated by the more numerous Asymptotic Giant Branch (AGB) 
stars (with Mms < 8A/q), although Red Supergiants (RSGs; originating from Mms > 8 Mq) are believe d to be important 
contributors too, based on studies of stellar populations in the Solar neighbourhood (e.g. IWhittetl 120031) . AGB stars lose 
mass at a rate of 10~ 7 — 10~ 6 M & yr _1 , and only for a short while, during the superwind p hase, experience mass-loss 



rates of 10 4 M Pl yr 1 while RSGs can sustain mass loss at this high rate for longer (e.g. lHabing & Olofssonl 12003 



van Loon et al., 2005). 



2. The Magellanic Clouds 

Due to our vantage point within the Milky Way, and the extinction in the Galactic plane it is not possible to obtain a 
full global picture of the dust production from evolved stars in our own Galaxy. Instead, a global picture may be obtained 
from nearby external galaxies, and the Magellanic Clouds are obvious candidates for su ch a study . The Large and Small 



Mage llanic Clouds are irregular dwarf galaxies at a distance of 50 and 61 kpc respectively ( Schaefen 2008 : Szewczvk et al 



2009), and both are seen almost face-on, resulting in a low optical depth along the line-of-sight, and very little confusion 
and few chance superpositions. Unfortunately, due to their vicinity to the much more massive Mil ky Way Galaxy, both 
Magellanic Clou ds are tidally disrupt ed. Their relatively low metallicities of Zlmc ~ 0.5 Z Q dDufouretal.il 19821) and 
0.2 Z Q dBernardet al.l E008) make the Magellanic Cloud s analogues for Milky W ay type galaxies at cosmic times 
of ~ 2 and ~ 0.7 Gyr after the formation of our own Milky Way ( Naab & Ostrikerl 20061) . The nearest spiral galaxy M31 
(Andromeda) is at 750 kpc significantly further away and to date, the Magellanic Clouds still provide the best compromise 
between distance and size to study the individual galaxy components, particularly stars. 



3. Dust factories 

Thermal emission from dust, particularly warm (< 1000 K) newly formed circumstellar dust, is most prominent in the 
near- and mid-infrared. Thus, surveying a galaxy in the infrared, and identifying the point sources, will give us a handle 
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on the dust pro duction by evolved sta rs. Such surveys have been done in the past (e .g. DENIS ICioni et alj d2000l) ; MSX 
Egan et alJ d200lb). but using IR AC dFazio et alll2004 and MIP S dRieke et alll2004 . the first modern infrared surveys of 
the LMC (Mei xner et al. , 2006) and SMC (Gordon e t all 1201 1|) have been d one, cataloguing over 8 million and 2 million 
infrared point sources in the LMC and S MC, respectively dBoyer et al. , 201 1 ). The SAGE surveys can be supple mented with 
near-i nfrared surveys, such as 2MASS (Skrutski e et all l2006h . the Vista Survey of Magellanic Clouds (VMC: ICioni et all 



201 lb , or the AKARI survey of the LMC dlta et al 
3.1 Source classification 



Blum et al. (2006) used the 2MASS data combined with the IRAC-[3.6] photometry to classify the domi nant categories 



of du st producing evolved stars in the LMC. The first incarnation of the SAGE-LMC point source catalogue (IMeixner et al 
2006) contained about 4 million sources, of which ~ 820,000 point sources have a J and [3.6] magnitude measurement, 
mostly consisting of Red Giant Branch (RGB) stars (~ 650,000), which are not considered significant contributors of dust 
to the ISM. Only about 5% (~ 43, 000) of the sources with a reliable J and [3.6] magnitude are brighter than the tip of the 
RGB ([3.6] < 11.85) and thus potentially dust producing. These were subdivided using colour criteria, into carbon-rich 
AGB stars (~ 7000), oxygen-rich AGB stars (- 18,000), (Red) Supergiants (~ 1200) and extreme AGB stars (~ 1200). 
Other, non- dust-producing sou rces identified include foreground (Galactic) and background (extragalactic) objects 



Recently. iBover et al.1 (1201 lb extended this method of classification to the SMC by including the SAGE-SMC survey 
( Gordon et all 20 1 1 ). They also revised the source counts for the LMC, using the most recent version of the SAGE-LMC 
point source catalogue, which now contains over 2 million sources with both J and [3.6] band magnitudes, due to improved 
extraction and calibration method^ Nevertheless, the number of point sources brighter than the tip of the RGB has been 
revised upward by only ~ 7% to 45,870, and the act ual number of sour ces in each of the dust forming categories has 
changed at most by a similar percenta ge (See Tab l e 2 of l Bover et all 201 lb . 



The class ifications perfor med by Blu m et al 
(e.g. VMC 



(2006J) and IBover et al.1 (1201 lh . but also those done by other teams 



Cioni et all 1201 11) all work with sharply-defined colour and magnitude cuts to classify the point sources, while 



in reality the bo undaries may not be that cl ear, and overlaps between the classes in colour-colour and colour-magnitude 
space may exist. Marengo & Sanchez (2009) have developed a more statistical approach to source classification using mag- 
nitudes and colours, based on a so-called Nearest Neighbour (fc-NN) method. In this approach entries in a point source 
catalogue are assigned probabilities that they belong to a certain class of objects, based on their distance to, and the den- 
sity (in colour-colour or colour-magnitude space) of a cloud of characteristic objects in that class. Thus, entries in the point 
source catalogue can have assigned probabilities to belonging to more than one object class, making this classification useful 
mostly in a statistical sense. The fc-NN classification will be applied to all point sources in the SAGE-LMC and SAGE-SMC 
catalogues (Marengo et al. in prep.). 
3.2 Stellar dust production rates 



From these classifications, it is possible to estimate the dust production per source categor y in the LM C. Srini vasan et al . 
(2009) focused on the carbon-rich, oxygen-rich and extreme AGB star classifications from lBlum et al.l d2006l) and using the 
infrared excess measured at IRAC 8.0 and MIPS 24 /im found that the overall dust injection to the interstellar medium of 
the LMC is 2.74 x 10 -5 M & yr _1 . The dust production is dominated by the category of extreme AGB stars, which are 
responsible for a dust production rate of 2.36 x 10~ 5 Mq yr" 1 , against 0.14 and 0.24 x 10~ 5 yr -1 for oxygen-rich and 
carbon-rich AGB stars respecti vely. An alternative estimate is presented bv lMatsuura et al.l (|2009) who used representative 
sources identified by their IRS dHouck et all 12004b spectra to carve out a classification scheme in the [8.0] vs. [3.6] — [8.0] 
colour-magnitude diagram, distinguishing between carbon-rich and oxygen-rich AGB stars. Using empirical mass-loss 
relations, they were able to estimate dust production rates of 4.3 x 10 -5 M Q yr" 1 by carbon-rich AGB stars, and a lower 
limit of 4 x 10~ 6 M Q yr~ x for the oxygen-rich AGB stars. RSGs were also included in their analysis and responsible for at 
least 2 x 10~ 6 Af© yr _1 of dust production. 

To estimate the dust injection in the SMC, the analysis performed bv lSrinivasan et aL (2009) for the LMC can be repeated. 
The colour cuts lead to the classification of almost 500,000 point sources in the SMC, with detections in J and [3.6]. Of 
these, ~ 19,000 objects are brighter than the tip of the RGB. About 1700 stars are classified as carbon-rich AGB stars; about 
4000 stars as oxygen-rich AGB stars, of which 227 as bright oxygen-rich AGB stars; a further 349 stars are extreme AGB 
stars; and around 3300 objects are thought to be RSGs. Thus, using the [8.0] and [24] /i m excess, the overa ll dust production 



rate is thought to be an order of magnitude lower for the SMC, compared to the LMC (Bov er et all 12012b . 



An important potential source of dust is ignored for both the LMC and the SMC: the dust production by supernova. This 
contribution is harder to estimate due to the incidenta l occur rence of supernovae, and the difficulties in establishing the dust 
production per supernova. Recently, Matsuura et al. ( 201 lb provided a measurement of the dust mass associated with SN 
1987 A in the LMC, of 0.4-0.7 Mq, implying that supernovae can indeed be important dust producers, and providing an 
important step forward in establishing the dust contribution due to supernovae in the ISM of galaxies in the local universe. 



Both the SAGE-LMC and SAGE-SMC point source catalogues are available through the NASA/IPAC Infrared Science Archive 

http://irsa.ipac.caltech. edu/ applications /Gat or/ 
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4. Mineralogy of Stardust 

The mineralogical make-up of the freshly formed stellar dust can be derived from infrared spectroscopy, as many common 
dust species have spectral resonances in the mid-infrared, that can relatively easily be distinguishe d from each other. 

fll999h . 



Prior to Spitzer, a rare mineralogical analysis of dust produced by an LMC star was presented by Voorsetal 



who 

detect ed the presence of cr ystalline silicates in the luminous blue variable R71, observed with the Infrar e d Space Obse r vatory 
(ISO: iKessler et all [l99^) . using the Short Wavelength Spectrometer (SWS; Ide Graauw et all 1 1996b . iTrams et all (1 19991) 
reported the presence of a silicate feature around a carbon- star in an observation with limited spectral range, but with a more 



exten sive spectral range it was later shown that the 'emission feature' was really a lack of molecular a bsorption (ISpeck et al 



2006). Further ISO studies focused on the 10 pm emission features in M-stars (Diik stra et al.L 120051) . showing the presence 



of alumina and amorphous silicates, with the fraction of silicates increasing as the star evolves to higher mass loss rates. 

With Spitzer it became possible to obtain 5^-0 /im spectroscopy of many point sources in the LMC and SMC. Indeed, 
many observing programs were proposed, some targeting just a single or a few point sources, while other Pis observed a 
few hundred point sources with the IRS instrument. At several point s during and after the mission, overviews of the spectral 
inven t ory of point sources in the Magellanic Clouds were given (Kast ner et all 120081; ISloan et all 120081: [Buchana n et all 
2009; Ke mper et all l20ld) . In total ~1000 point sources were observed in the LMC, and another ~300 in the SMC, 
covering a wide range of colours and magnitudes, and thus physical environments. The spectroscopic information can help 
to test the photometric classification sc hemes discu s sed in Sect. 3.1. The 297 staring mode observations per formed in the 
conte xt of the SAGE-Spec program dKemper et all |2010|) . were classified with the help of a decision tree ( Woods et all 



1201 lh. Th e result of this classif ication was complementary to and in agreement with the analysis done by iBuchanan et al 



[20 

(2009) and lKastner et alJ d2008h . A full spectral classification of the IRS staring mode observations in the LMC (Woods et 
al. in prep.) and SMC (Ruffle et al. in prep.) is in preparation, the results of which will be used to test the k-NN photometric 
classification (Marengo et al. in prep.). 
4.1 Oxygen-rich stars 

Silicates dominate the spectra of both RSGs and oxygen-rich AGB stars in the LMC. iDiikstra et alJ (12005b studied a 
sample of M stars (of AGB and RSG origin) showing the 10 pm silicate feature in emission or self-absorption in the ISO 
spectroscopy, and found that, while the spectra all show amorphous silicates, some of them also show the spectral signature 
of AI2O3 (alumina). The relative strength of the alumina signature to the spectrum decreases with increasing mass-loss rate, 
suggestive of a covering of the alumina grains by silicate mantles. At the highest mass-loss rates, the spectra are entirely 
dominated by silicate features. 

When the IRS spectra of two typical AGB sta rs in the LMC, one of low and one of high mass-loss rate, are fitted with 
the same dust compositio n (Sarge nt et al. . 2010), it is found that the best fit is produced by oxygen-deficient amorphous 
silicates fossenkopf et al. . 1992h . although other amorphous silicate profiles give good results too. 

Some oxygen-rich stars show the sharp spectral resonances due to crystalline sil i cates. In addition to the presence of 
crystalline forsterite (Mg 2 Si0 4 ) around LBV R71 dVoors et all 1 1999b . IZiilstra et ail d2006l) showed that oxygen-rich AGB 
star IRAS 05003—6712 also contains crystalline forsterite and enstatite (MgSiOs) in its circumstellar shell. Low mass-loss 
rate LMC AGB star HV 2310 al so shows crystalline silicates, particularly around 1 1.2 pm, and the crystalline fraction of the 
silicates is around 7% by mass dSloan e t al., 2006a]). A comprehensive study of all oxygen-rich AGB stars and RSG in the 
LMC and SMC for which IRS spectroscopy is available, shows that most objects do not show significant crystallinity in their 
silicates, although in some cases, the strength of the crystalline silicate features due to enstatite and forsterite at 23, 28 and 
33 can be up to 10% above the continuum level (Jones et al. in prep.). Given that at the wavelengths of the crystalline 
silicates resonances the intrinsic opacities of these crystalline silicates is much stronger than their amorphous counterparts, 
these measurements correspond to crystalline fractions of a few percent, at most. It needs to be emphasised however, that 
the lack of crystalline silicate features in the infrared spectrum does not mean that the crysta lline silicates are ab sent; in 
particular in optically thin dust shells, they may simply be colder than the amorphous silicates dKemper et alluOOlb . Thus, 



I conclude for the purposes of this paper, that oxygen-rich AGB stars and RSGs in the LMC and SMC predominantly 
produce silicates, of an unspecified composition, but that a small fraction of these silicates may actually be due to crystalline 
enstatite and forsterite at the ~ 5% level by mass. 
4.2 Carbon-rich stars 

The mineralogy of carbon-rich AGB stars in the Magellanic Clouds has been the subject of several studies. Silicon 
carbide (SiC), amorphous or graphi tic carbon (C) and , in some cases, a s olid-state feature at 30 ^m, previously thought to 
be due to magnes ium sulfide ( MgS:lHonv et alll2002l:IZhang et all 12009b . are seen in the IRS spectra of carbon-rich AGB 



stars in the LMC (Ziilstra et al.L 120061) and the SMC (Sloa n et all 1200 6b). The 30 /im featur e is found to be pre sent only in 



the redder, and hence colder, dust shells, where the dust temperature drops below 600 K (Ziilstr a et al.L 120061) . In the low 



metallicity environments of the LMC an d the SMC the ma ss balance between SiC and C in carbon stars will differ from 



those found in Galactic carbon stars (e.g. ISloan et all l2006bl) . as the required carbon is produced by the star itself, but the 



silicon abundance reflects th e composition of the natal cloud. Therefore, less silicon is available with lower metallicities. 
Indeed. lLagadec et alJ (120071) confirmed that the SiC-feature-to-C-continuum ratio in the SMC is lower than in the LMC, but 
they also see an evolution with temperature ([6.4] — [9.3] colour) of the dust shells. While initially the SiC feature strength 
increa ses, with decreasing temperature, the SiC feature strength eventually drops. This is also seen by iLeisenring et al 



(2008), who study the strength of the 30 /im emission feature in the same sequence, and extend the sample to bluer colours, 
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Table 1. Dust production in the LMC by various types of evolved stars, along with the adopted mineralogy in each source category. The bottom 
row summarises the t otal dust production rate an d the mineralogy of the stellar dust production for the LMC. Dust production rates are taken from 
Matsuura et al. 12009) and Srinivasan et al. (2009). The typical compositions are discussed in Sect. 4 of the main text. 



Object type 


Mineralogy 


Dust production rate 




(mass) 


(M e yr' 1 ) 


O-rich AGB 


95% am. sil.; 
5% cryst. sil. 


0.14- > 0.4 x 10 -5 


C-rich AGB 


88% am. carbon.; 
12% SiC; var. % MgS 


0.24 x 10~ 5 


extreme AGB 


88% am. carbon; 
12% SiC; var. % MgS 


2.36- < 4.3 x 10~ 5 


RSG 


95% am. sil.; 
5% cryst. sil. 


0.2 x 10" 5 


total 


77% am. carbon; 11% SiC 
12% am. sil.; <1% cryst. sil.; var. MgS 


(4± 1) x 10" 5 



indicative of lower mass-loss rates, particularly for the Milky Way comparison sample. Whi le Lagad ec et al] (12007b argue 
that SiC condenses first, followed by the condensation of C on top of the SiC, iLeisenring et al. (2008) show that it is not 
possible with the LMC or SMC data set to establish the condensation sequence for SiC and C. Both studies agree, however, 
that MgS condenses after SiC and C (Lagad ec et all 12007; Leise nring et all l2008). Srin ivasan et al. I d2010h has determined 
the composition of the dust shell of a typical, albeit only one, C-rich AGB star, without the MgS emission feature at 30 fim, 
and finds that about 12% (in a range of 10-16%) of the dust by mass is contained in SiC, and that the remainder is in the 
form of amorphous carbon. 

The class of extreme AGB stars is shown bv lGruendl et al.l (12008b to be made up of carbon-rich objects. In their sample 
of 13 objects, the SiC feature is actually seen in absorption, due to the high optical depth. Only two of the objects studied 
show the MgS silicate feature, casting doubt on how common this dust component really is in more evolved AGB stars. 
The mass fractions taken up by SiC, C and possibly MgS in extreme AGB stars are not yet determined, but the subject of 
a future study (Speck et al. in prep.), and for the purpose of this work I will assume they are similar to what is derived for 
lower mass-loss rate C-rich AGB stars by Srinivasan et al. ( 2010h . 



5. Results and outlook 

The dust production rates and typical mineralogies for the dust factories in the LMC are summarised in Table 1 . With 
the analysis so far, it is possible to derive the mineralogy of the stellar dust production input into the ISM for the LMC. I 
find that the majority (~ 77%) of the freshly produced Stardust is in the form of amorphous or possibly graphitic carbon. 
Roughly equal amounts of Stardust are taken up by SiC (~ 11%) and amorphous silicates (~ 12%). Crystalline silicates, 
e.g. enstatite and forsterite, make up less than 1% of the dust production by evolved stars. An unspecified amount of MgS 
may also be produced by evolved stars. Apart from the fact that the 30 feature is only seen in a subset of all C-rich 
AGB stars, and therefore hard to include in the analysis of a typical spectrum, it is also difficult to determine the dust mass 
contained in MgS i n radiative transfer calculations, because of the lack of optical and near-infrared optical constants of MgS 
(iHonv et alll2002l) . 

Another caveat is the absence of dust producti on by supernovae in T able 1. Although a reliable measurement of the 



dust mass associated with SN 1987A now exists (Matsuura et al., 2011), it is difficult to assess what fraction of that dust 



is produced by the supernova, and what fraction is simply processed or heated interstellar dust. In addition, we need to 
know how typical this supernova is in terms of dust production, and what the overall supernova rate is for the LMC and the 
SMC, to establish the dust production by supernovae. Finally, the mineralogy of su pernova dust is not well known, with the 
mineralogy of supernova ejecta determined by interpreting single spectral features dArendt et al.l Il999l iRho et all |2009). 



Within the SAGE collaboration, we will continue to improve on the numbers presented in Table 1, as e stablishing the 
integr ated composition of freshly produced Stardust is indeed one of t he goals of the SAGE -Spec project (Kemp er et al 



2010). The typical compositions derived bv lSrinivasan et al. (2010) and Sargent et al. (2010) have been use d to calculate a 
grid of SEDs, as a function of dust shell parameters (GRAMS dSrinivasan et al.l d201 ll) ; ISargent et al.l d201lb ). The SEDs in 
this grid will be fitted to the relevant photometric data in the SAGE-LMC catalogue, which will then allow us to update in 
particular the third column of Table 1, and calculate the total dust production accordingly. 

In an alternative approach, the fc-NN colour classification will allow for a statistical determination of the numbers in each 
source category (Marengo et al. in prep.). Along with a more detailed study of the mineralogy of a range of objects within 
source categories (e.g. Jones et al. in prep.; Speck et al. in prep.), the overall mineralogy will be better established as well. 
This procedure will also be carried out for the SMC. 



F. KEMPER: STELLAR DUST PRODUCTION IN THE MAGELLANIC CLOUDS 



5 



Acknowledgments. This research has been supported by the National Science Council, under grant code NSC100-21 12-M-001-023- 
MY3. 



References 

Arendt, R. G., Dwek, E., Moseley, S. H., Newly synthesized elements and pristine dust in the Cassiopeia A supernova remnant, 
Astrophys. J., 521, 234—245, 1999. 

Bernard, J. -P., et al., Spitzer survey of the Large Magellanic Cloud, Surveying the Agents of a Galaxy's Evolution (SAGE). IV. Dust 
properties in the Interstellar Medium, Astron. J., 136, 919-945, 2008. 

Blum, R. D., et al., Spitzer SAGE survey of the Large Magellanic Cloud. II. Evolved stars and infrared color magnitude diagrams, 
Astron. J., 132, 2034-2045, 2006. 

Boyer, M. L., et al., Surveying the Agents of Galaxy Evolution in the tidally stripped, low metallicity Small Magellanic Cloud (SAGE- 
SMC). II. Cool evolved stars, Astron. J., 142, 103, 201 1. 

Boyer, M. L., et al., The dust budget of the Small Magellanic Cloud: Are asymptotic giant branch stars the primary dust source at low 
metallicity? Astrophys. J., 748, 40, 2012. 

Buchanan, C. L., Kastner, J. H., Hrivnak, B. J., Sahai, R., Spitzer IRS spectra of luminous 8 fim sources in the Large Magellanic Cloud: 
Testing color-based classifications, Astron. J., 138, 1597-1608, 2009. 

Cioni, M. R., van der Marel, R. R, Loup, C, Habing, H. J., The tip of the red giant branch and distance of the Magellanic Clouds: results 
from the DENIS survey, Astron. Astrophys., 359, 601-614, 2000. 

Cioni, M.-R. L., et al., The VMC survey. I. Strategy and first data, Astron. Astrophys., 527, A116, 2011. 

Dale, D. A., Helou, G., The infrared spectral energy distribution of normal star-forming galaxies: Calibration at far-infrared and 
submillimeter wavelengths, Astrophys. J., 576, 159-168, 2002. 

de Graauw, T., et al., Observing with the ISO Short- Wavelength Spectrometer, Astron. Astrophys., 315, L49-L54, 1996. 

Dijkstra, C, Speck, A. K., Reid, R. B., Abraham, R, The 10 ^im feature of M-type stars in the Large Magellanic Cloud and the dust 
condensation sequence, Astrophys. J., 633, L133-L136, 2005. 

Draine, B. T., et al., Dust masses, PAH abundances, and starlight intensities in the SINGS galaxy sample, Astrophys. J., 663, 866-894, 
2007. 

Dufour, R. J., Shields, G. A., Talbot, R. J., Jr., The carbon abundance in the Magellanic Clouds from IUE observations of H II regions, 
Astrophys. J., 252, 461^173, 1982. 

Egan, M. P., Van Dyk, S. D., Price, S. D., MSX, 2MASS, and the Large Magellanic Cloud: A combined near- and mid-infrared view, 
Astron. J. , 122, 1 844-1 860, 200 1 . 

Fazio, G. G., et al., The Infrared Array Camera (IRAC) for the Spitzer Space Telescope, Astrophys. J. SuppL, 154, 10-17, 2004. 

Gordon, K. D., et al., Surveying the Agents of Galaxy Evolution in the tidally stripped, low metallicity Small Magellanic Cloud (SAGE- 
SMC). I. Overview, A.?fron. J., 142, 102, 2011. 

Gruendl, R. A., Chu, Y.-H., Seale, J. P., Matsuura, M., Speck, A. K., Sloan, G. C, Looney, L. W., Discovery of extreme carbon stars in 
the Large Magellanic Cloud, Astrophys. J., 688, L9-L12, 2008. 

Habing, H. J., Olofsson, H., Asymptotic Giant Branch stars, chap. 1 AGB stars: History, structure and characteristics, Springer, New 
York, 2003. 

Hony, S., Waters, L. B. F. M., Tielens, A. G. G. M., The carrier of the "30" fim emission feature in evolved stars. A simple model using 
magnesium sulfide, Astron. Astrophys., 390, 533-553, 2002. 

Houck, J. R., et al., The Infrared Spectrograph (IRS) on the Spitzer Space Telescope, Astrophys. J. SuppL, 154, 18-24, 2004. 

Ita, Y, et al., AKARI IRC survey of the Large Magellanic Cloud: Outline of the survey and initial results, Publ. Astron. Soc. Japan, 60, 
435-151, 2008. 

Kastner, J. H, Thorndike, S. L., Romanczyk, P. A., Buchanan, C. L., Hrivnak, B. J., Sahai, R., Egan, M., The Large Magellanic Cloud's 
top 250: Classification of the most luminous compact 8 /im sources in the Large Magellanic Cloud, Astron. J., 136, 1221-1241, 2008. 

Kemper, E, Waters, L. B. E M., de Koter, A., Tielens, A. G. G. M., Crystallinity versus mass-loss rate in asymptotic giant branch stars, 
Astron. Astrophys., 369, 132-141, 2001. 

Kemper, E, et al., The SAGE-Spec Spitzer Legacy Program: The life cycle of dust and gas in the Large Magellanic Cloud, Publ. As- 
tron. Soc. Pacific, 122, 683-700, 2010. 

Kessler, M. E, et al., The Infrared Space Observatory (ISO) mission, Astron. Astrophys., 315, L27-L31, 1996. 

Lagadec, E., et al., Spitzer spectroscopy of carbon stars in the Small Magellanic Cloud, Monthly Not. R. Astron. Soc, 376, 1270-1284, 
2007. 



6 



F. KEMPER: STELLAR DUST PRODUCTION IN THE MAGELLANIC CLOUDS 



Leisenring, J. M., Kemper, R, Sloan, G. C, Effects of metallicity on the chemical composition of carbon stars, Astrophys. J., 681, 
1557-1573,2008. 

Marengo, M., Sanchez, M. C, A fc-NN method to classify rare astronomical sources: Photometric search of brown dwarfs with 
Spitzer/IRAC, Astron. J., 138, 63-75, 2009. 

Matsuura, M., et al., The global gas and dust budget of the Large Magellanic Cloud: AGB stars and supernovae, and the impact on the 
ISM evolution, Monthly Not. R. Astron. Soc. , 396, 9 1 8-934, 2009. 

Matsuura, M., et al., Herschel detects a massive dust reservoir in Supernova 1987A, Science, 333, 1258-1261, 2011. 

Meixner, M., et al., Spitzer survey of the Large Magellanic Cloud: Surveying the Agents of a Galaxy's Evolution (SAGE). I. Overview 
and initial results, Astron. J., 132, 2268-2288, 2006. 

Morgan, H. L., Edmunds, M. G., Dust formation in early galaxies, Monthly Not. R. Astron. Soc, 343, 427^-42, 2003. 

Naab, T., Ostriker, J. P., A simple model for the evolution of disc galaxies: the Milky Way, Monthly Not. R. Astron. Soc, 366, 899-917, 
2006. 

Ossenkopf, V., Henning, T., Mathis, J. S., Constraints on cosmic silicates, Astron. Astrophys., 261, 567-578, 1992. 

Rho, J., Reach, W. T., Tappe, A., Hwang, U., Slavin, J. D., Kozasa, T., Dunne, L., Spitzer observations of the young core-collapse 
supernova remnant 1E0102-72.3: Infrared ejecta emission and dust formation, Astrophys. J., 700, 579-596, 2009. 

Rieke, G. H., et al., The Multiband Imaging Photometer for Spitzer (MIPS), Astrophys. J. Suppl, 154, 25-29, 2004. 

Sargent, B. A., Srinivasan, S., Meixner, M., The mass-loss return from evolved stars to the Large Magellanic Cloud. IV. Construction and 
validation of a grid of models for oxygen-rich AGB stars, Red Supergiants, and extreme AGB stars, Astrophys. J., 728, 93, 201 1. 

Sargent, B. A., et al., The mass-loss return from evolved stars to the Large Magellanic Cloud. II. Dust properties for oxygen-rich 
Asymptotic Giant Branch stars, Astrophys. J., 716, 878-890, 2010. 

Schaefer, B. E., A problem with the clustering of recent measures of the distance to the Large Magellanic Cloud, Astron. J. , 135, 1 12-1 19, 
2008. 

Skrutskie, M. E, et al., The Two Micron All Sky Survey (2MASS), Astron. J., 131, 1 163-1 183, 2006. 

Sloan, G. C, Devost, D., Bernard-Salas, J., Wood, P. R., Houck, J. R., The unusual silicate dust around HV 2310, an evolved star in the 
Large Magellanic Cloud, Astrophys. J., 638, 472-477, 2006a. 

Sloan, G. C, Kraemer, K. E., Matsuura, M., Wood, P. R., Price, S. D., Egan, M. P., Mid-infrared spectroscopy of carbon stars in the Small 
Magellanic Cloud, Astrophys. J., 645, 1 1 18-1 130, 2006b. 

Sloan, G. C, Kraemer, K. E., Wood, P. R., Zijlstra, A. A., Bernard-Salas, J., Devost, D., Houck, J. R., The Magellanic zoo: Mid-infrared 
Spitzer spectroscopy of evolved stars and circumstellar dust in the Magellanic Clouds, Astrophys. J., 686, 1056-1081, 2008. 

Speck, A. K., Cami, J., Markwick-Kemper, C, Leisenring, J., Szczerba, R., Dijkstra, C, Van Dyk, S., Meixner, M., The unusual Spitzer 
spectrum of the carbon star IRAS 04496—6958: A different condensation sequence in the LMC?, Astrophys. J., 650, 892-900, 2006. 

Srinivasan, S., Sargent, B. A., Meixner, M., The mass-loss return from evolved stars to the Large Magellanic Cloud. V. The GRAMS 
carbon-star model grid, Astron. Astrophys., 532, A54, 2011. 

Srinivasan, S., et al., The mass loss return from evolved stars to the Large Magellanic Cloud: Empirical relations for excess emission at 8 
and 24 ^m, Astron. J., 137, 4810-4823, 2009. 

Srinivasan, S., et al., The mass-loss return from evolved stars to the Large Magellanic Cloud. III. Dust properties for carbon-rich 
asymptotic giant branch stars, Astron. Astrophys., 524, A49, 2010. 

Szewczyk, O., Pietrzynski, G., Gieren, W., Ciechanowska, A., Bresolin, E, Kudritzki, R., The Araucaria Project: The distance to the 
Small Magellanic Cloud from near-infrared photometry of RR Lyrae variables, Astron. J., 138, 1661-1666, 2009. 

Trams, N. R., van Loon, J. T., Zijlstra, A. A., Loup, C, Groenewegen, M. A. T., Waters, L. B. F. M., Whitelock, P. A., Blommaert, J. 
A. D. L., Siebenmorgen, R., Heske, A., IRAS 04496—6958: A luminous carbon star with silicate dust in the Large Magellanic Cloud, 
Astron. Astrophys., 344, L17-L20, 1999. 

van Loon, J. T., Cioni, M.-R. L., Zijlstra, A. A., Loup, C, An empirical formula for the mass-loss rates of dust-enshrouded red supergiants 
and oxygen-rich Asymptotic Giant Branch stars, Astron. Astrophys., 438, 273-289, 2005. 

Voors, R. H. M., Waters, L. B. E M., Morris, P. W, Trams, N. R., de Koter, A., Bouwman, J., Dust in R71: First detection of crystalline 
silicates in the LMC, Astron. Astrophys., 341, L67-L70, 1999. 

Whittet, D. C. B., Dust in the galactic environment (second edition), Institute of Physics Publishing, London, 2003. 

Woods, P. M., et al., The SAGE-Spec Spitzer Legacy programme: The life-cycle of dust and gas in the Large Magellanic Cloud - Point 
source classification I, Monthly Not. R. Astron. Soc, 411, 1597-1627, 2011. 

Zhang, K., Jiang, B. W., Li, A., On Magnesium Sulfide as the carrier of the 30 fim emission feature in evolved stars, Astrophys. J., 702, 



F. KEMPER: STELLAR DUST PRODUCTION IN THE MAGELLANIC CLOUDS 



7 



680-685, 2009. 



Zijlstra, A. A., et al., A Spitzer mid-infrared spectral survey of mass-losing carbon-stars in the Large Magellanic Cloud, Monthly 
Not. R. Astron. Soc, 370, 1961-1978, 2006. 



F. Kemper (e-mail: ciska@asiaa.sinica.edu. tw) 



